Inhibitor of Growth 3 (ING3) is a candidate tumor suppressor gene whose expression is lost in tumors such as hepatocellular carcinoma, head and neck squamous cell carcinoma and melanoma. In the present study, we show that ING3-depleted human cells and yeast cells deleted for its ortholog YNG2 are sensitive to DNA damage suggesting a conserved role in response to such stress. In human cells, ING3 is recruited to DNA double strand breaks and is required for ATM activation. Remarkably, in response to doxorubicin, ATM activation is dependent on ING3 but not on TIP60, whose recruitment to DNA breaks also depends on ING3. These events lead to ATM-mediated phosphorylation of NBS1 and the subsequent recruitment of RNF8, RNF168, 53BP1, and BRCA1, which are major mediators of the DNA damage response. Accordingly, upon genotoxic stress, DNA repair by non-homologous end joining (NHEJ) or homologous recombination (HR) were impaired in absence of ING3. Finally, immunoglobulin class switch recombination (CSR), a physiological mechanism requiring NHEJ repair, was impaired in the absence of ING3. Since deregulation of DNA double strand break repair is associated with genomic instability, we propose a novel function of ING3 as a caretaker tumor suppressor involved in the DNA damage signaling and repair.
Introduction
DNA double strand breaks (DSBs) represent the most severe form of damages exerted on DNA since it is the most difficult to repair. DNA DSBs are repaired by mechanisms achieved through the DNA damage response (DDR). The DDR comprises an integrated network of signaling pathways leading to DNA repair if successful or cell death if it fails. Abnormal repair of DNA DSBs can yield mutations and rearrangements thereby potentially giving rise to cell transformation [1] . DNA DSBs are detected by the proteins Mre11, Rad50, and NBS1, which constitute the MRN sensor complex. This allows the recruitment and activation of the ATM kinase which phosphorylates the histone variant H2AX (to form γH2AX), as well as a large number of DDR factors [2] [3] [4] . γH2AX clusters on the chromatin serve as docking sites for several DDR members therefore enhancing signaling. By binding γH2AX, MDC1 localizes to DSB and then recruits the ubiquitin ligases RNF8 and RNF168. These two ubiquitin ligases permit the accumulation of the downstream proteins 53BP1 and BRCA1 that balance DNA repair by either non-homologous end joining (NHEJ) or homologous recombination (HR) [5] [6] [7] .
The expression of inhibitor of growth (ING) genes is frequently lost in human tumors [8] . The ING family contains five members (ING1-5) which are highly conserved through the evolution [9, 10] . Although ING1 and ING2 are Edited by M. Oren * Rémy Pedeux remy.pedeux@univ-rennes1.fr 1 proteins with characterized tumor suppressor functions [11] , the biological functions of ING3, ING4, and ING5 are less clear. Previous studies showed the involvement of ING1 and ING2 in DNA replication and suggested their involvement in the DDR [12, 13] . Therefore, we investigated the role of ING genes in the DDR. In Saccharomyces cerevisiae, ING orthologs (Yng1, Yng2, and Pho23) belong to acetylation or deacetylation complexes [14, 15] . These features are conserved in human cells since ING1 and ING2 are part of the Sin3/HDAC1-2 complex, while ING3, ING4, and ING5 associate with NuA4/TIP60, HBO1, and MOZ/MORF complexes, respectively [16, 17] . Remarkably, in the yeast S. cerevisiae, Yng2, the ortholog of ING3, was shown to contribute to intra-S-phase DDR [18] . Herein, we found that ING3-depleted human cells and yeast cells deleted for its ortholog Yng2 are sensitive to DNA damage. In human cells, ING3 accumulates at DNA DSBs and is involved in DDR by promoting ATM phosphorylation and signaling. Moreover, the recruitment of ING3 is a prerequisite for the accumulation of the DNA DSBs signaling proteins RNF8, RNF168, 53BP1, and BRCA1 and allows proper repair by NHEJ or HR, and cell survival. Finally, we found that ING3 deficiency in B-cells results in decreased class switch recombination (CSR).
Results

Absence of ING3 sensitizes cells to DNA damage
We performed DNA damage sensitivity assays in S. cerevisiae deleted for PHO23 (the ING1/2 ortholog), YNG2 (ING3), YNG1 (ING4/5), or RAD9 (53BP1/MDC1/ BRCA1). RAD9-deleted cells (rad9Δ) were used in the experiment as an internal control (Fig. 1a) . Yeast cells were spotted on rich-media plates containing or exposed to various DNA damaging agents inducing different types of DNA damage. DNA DSBs are mostly induced by bleocin, hydroxyurea (HU) at high dose [19] , and ionizing radiation (IR). On the other hand, low doses of HU depletes nucleotide pool and promotes replication stress [20] . Consistently with a previous report suggesting the involvement of Yng2 in cell growth regulation, yng1Δ, yng2Δ, and pho23Δ cells showed a slight growing delay compared with the wild type cells (WT) in the absence of DNA damage [21] . Remarkably, YNG2-deleted cells (yng2Δ) were the most sensitive to every DNA damaging agents tested. Altogether, these results indicate a role of the yeast INGs proteins in pathways regulating cell growth, DDR, and cell survival, with Yng2 possibly playing a key role in DNA damage resistance.
To extend these results to mammalian cells, we performed a DNA damage sensitivity assay in U2OS cells (Fig. 1b) with DNA damaging agents which generate mostly DNA DSBs, predominantly during S phase (CPT, Cisplatin, MMS, and HU). We also used MMC to induce DNA damages repaired by nucleotide excision repair, HR, and translesion synthesis [19, 22] . These results were confirmed with a second ING3 siRNA. Overall, ING3-depleted cells displayed increased sensitivity to all drugs tested. Furthermore, among the ING gene family, cancer cell lines are more dependent on ING3 for survival according to the Cancer Dependency Map database (Fig. 1c, d ). Together, these results indicate an important role for ING3 in cell growth and its conserved involvement in the DDR in both yeast and human cells.
ING3 is recruited to DNA DSBs
53BP1 is a marker of DNA damage and a mediator of DNA repair. To gain insight into the role ING3 could play in the DDR, 53BP1 foci formation was analyzed in siCt vs. siING3 U2OS cells (with the same genotoxic agents used above). A lack of increase of 53BP1 foci was observed in siING3 cells. It suggested that ING3 may be involved in the DDR by modulating 53BP1 foci formation (Fig. S1 ). Consequently, we investigated whether ING3 itself could be recruited at the site of DNA damage. Since no immunofluorescence-compliant ING3 antibody is currently available, we used Halo/GFP-tagged ING3 proteins. As observed for endogenous ING3, Halo-ING3 is mainly located into the nucleus (Fig. S2A) , besides its functionality is conserved since it could interact with known partners, RuvBl2 and TIP60. Halo-ING3 or GFP-ING3 accumulated at DNA damage sites 30 min after the induction of DNA DSBs by laser micro-irradiation in U2OS and A549 cells ( Fig. 2a and Fig. S2B ). Then, we measured the kinetics of its assembly at DSBs in human U2OS cells. We observed that Halo-tagged ING3 accumulation peaked at 30 min ( Fig. 2c and Fig. S2E ). When comparing recruitment intensity of NBS1, Halo-ING3, and 53BP1, ING3 is recruited 5 min after irradiation, with a dynamic lagging NBS1 but it accumulates more quickly than 53BP1 (Fig. 2c and Fig. S2C ). These results indicate that ING3 is recruited early to DNA DSBs and contributes to the recruitment of 53BP1.
ING3 is necessary for the recruitment of RNF8, RNF168, 53BP1, and BRCA1 to DNA DSBs
To monitor the functional hierarchy of the DDR in cells depleted for ING3, we tested its role for the recruitment of RNF8 and RNF168 proteins. A slight decrease of GFP-RNF8 recruitment and a marked decrease of RNF168 accumulation at DNA DSBs was also observed in the absence of ING3 following laser micro-irradiation. ING3 silencing did not significantly affect the expression of either RNF8 or RNF168 proteins ( Fig. S2F and G) . The accumulation of RNF8 and RNF168 at DNA DSBs is considered as a critical event for the efficient recruitment of downstream signaling factors, such as 53BP1 and BRCA1, two major mediators of the DDR [23, 24] . Laser micro-irradiated or X-rays-irradiated cells silenced for ING3 exhibited a strong decrease of 53BP1 recruitment at DNA DSBs ( Fig. 2d; Fig. S2D and S2H ), d Immunofluorescence analysis of 53BP1 or BRCA1 in U2OS cells damaged by laser micro-irradiation. Cells were probed for 53BP1 or HA-BRCA1. Graph shows the intensity of 53BP1 or HA-BRCA1 recruitment at DNA DSBs, at least 30 cells were analyzed. Bar graphs represent mean ± SEM (****P < 0.0001). Scale bars represent 9 µM. Western blot analysis of U2OS cells transfected with siCT or siING3#1 or siING3#2, treated with Dox for 3 h and probed with indicated antibody. All bar graphs represent mean ± SEM (***P < 0.001) corroborating with the 53BP1 defective accumulation in siING3 cells treated with DNA damaging drugs (Fig. S1 ). Similar results were confirmed in A549 cells treated with doxorubicin ( Fig. S2I) . Furthermore, time course experiments conducted in response to X-rays, showed a lack of recruitment of 53BP1 in the absence of ING3 (Fig. S2D) . Importantly, ING3 siRNA had no effect on 53BP1 RNA or protein expression ( Fig. 2d and Fig. S2J ). Similarly, ING3 silencing also impaired the recruitment of HA-BRCA1 at DNA DSBs in laser micro-irradiated cells and had a slight effect on BRCA1 protein expression (Fig. 2d, Fig. S2H ). In conclusion ING3 is required for the accumulation of RNF8, RNF168, 53BP1, and BRCA1.
ING3 recruitment to DSBs enhances ATM signaling
We then evaluated the impact of ING3 on ATM recruitment and activation, which represents an earlier event in the signaling cascade. Immunofluorescence analyses revealed an important decrease of phosphorylated ATM (p-ATM) at micro-irradiation sites and a reduced number of p-ATM foci after doxorubicin treatment in both U2OS and A549 cell lines ( Fig. 3a and Fig. S3A ). Similar results were observed in non-transformed cells (MRC5) treated with X-rays or laser micro-irradiation ( Fig. S3B and Fig. S3E ). Interestingly, NBS1 was recruited to laser generated DNA DSBs independently of ING3 (Fig. S3C) . Furthermore, we identified two phases in p-ATM levels at DNA damage sites. Until 15 min after laser micro-irradiation p-ATM levels increase independently of ING3 expression. However, at later stages (>15 min post irradiation), p-ATM increase depends on ING3 since p-ATM decrease significantly in the absence of ING3 ( Fig. 3b and S3D ). This suggests that ING3 is required for ATM signaling maintenance and amplification. In MRC5 cells, when performing a longer time course, we also observed a lack of accumulation of p-ATM foci in the absence of ING3 in response to Dox (Fig S3F) .
ATM is known to phosphorylate several DDR factors including NBS1 [25, 26] . Accordingly, we observed an impairment of both ATM and NBS1 phosphorylation after ING3 downregulation in A549 cells treated with Dox (Fig. 3c) . There was no effect on NBS1 protein expression. These results were confirmed in U2OS cells (Fig. S3G) . Similar results were observed with other known ATM substrates, CHK2 and BRCA1. Thus, ATM downstream signaling is impaired in siING3 cells, to the same extent observed in siATM cells (Fig. 3c) .
Immunofluorescence analysis demonstrated that ING3 was involved in maintaining p-ATM levels throughout cell cycle progression ( Fig. 3d and Fig. S3H ). Reciprocally, inhibition of ATM activity ( Fig. 3e and Fig. S3I ) did not impair Halo-ING3 accumulation at DNA DSBs.
Finally, in colony formation experiments no synergy was observed when both ING3 and ATM are downregulated compared to ING3 or ATM downregulated alone. It suggests that the reduced survival observed in ING3-depleted cells is ATM-dependent (Fig S3J) .
ING3 is required for TIP60 accumulation at DNA DSBs
In response to DNA damage several phosphatases are known to regulate the phosphorylation state of ATM and a deregulation in these processes can lead to a defective ATM phosphorylation. Indeed, PP2A is required to dephosphorylate ATM in undamaged cells [27] and WIP1 shuts down ATM-dependent phosphorylation and ATM autophosphorylation at the end of the DDR [28] . In U2OS cells treated with Dox, PP2A, or WIP1 expression was not affected by ING3 downregulation suggesting that it does not regulate ATM phosphorylation by modifying the expression of its canonical phosphatases (Fig. S4A) .
Activation of ATM in response to DNA DSBs requires post-translational modifications. Among those, ATM acetylation by TIP60 has been described as essential for its activation and phosphorylation [29] . ING3 is known to be a stable component of the hNuA4/TIP60 complex [30, 31] . In addition to Tip60, some members of the hNuA4 complex are recruited to DNA DSBs suggesting that these proteins may be recruited together as components of the hNuA4 complex [27] [28] [29] [30] . We tested whether TIP60 recruitment to DNA DSBs could depend on ING3. Interestingly, we observed an impairment of GFP-TIP60 accumulation at DNA DSBs in absence of ING3 ( Fig. 4a and Fig. S4B ). We then evaluated if TIP60 downregulation could reciprocally hinder ING3 recruitment at DNA DSBs ( Fig. 4b and  Fig. S4C ). TIP60 regulates ING3 protein but not mRNA expression ( Fig. S4D and S4E ) and we also observed a decreased pool of Halo-tagged ING3 in the nucleus in siTIP60 cells. Thirty minutes after DNA damage induction, the recruitment of Halo-ING3 was reduced but still noticeable in TIP60 downregulated cells. We cannot exclude that TIP60 downregulation has some effect on ING3 recruitment to DNA DSBs, although this effect would be mild. Finally, Halo-ING3 pulldown analysis showed that Halo-ING3 and GFP-TIP60 co-existed in a complex with and without induction of DNA damages (Fig. 4c) .
Then, we investigated whether ING3 could have an impact on TIP60 ability to acetylate its targets at the chromatin. TIP60 controls the acetylation of histone 2A on Lysine 5 (H2AK5), which can be considered as a marker of TIP60 activity [32, 33] . A decrease of H2AK5 acetylation was observed in siING3 cells similar to what was observed in siTIP60 cells treated with Dox ( Fig. 4d and Fig. S4F ). Interestingly, while we observed a loss of ATM phosphorylation in siING3 lysates it was not the case with siTIP60 lysates. This was confirmed by immunofluorescence in which pATM dots intensity decreased upon ING3 silencing but not in siTIP60 cells (Fig. 4e and  Fig. S4G ). Thus, ING3 is necessary for TIP60 recruitment at DNA damage sites but pATM foci accumulation in response to Dox is solely dependent on ING3.
ING3 promotes DNA repair and CSR
To better characterize the role of ING3 in DNA repair, we monitored the presence of γH2AX foci, a robust readout of DNA DSB repair, immediately after doxorubicin treatment (0 h) or 24 h after the end of this treatment. Interestingly, foci resolution was affected by the absence of ING3 as shown by the larger number of foci still present 24 h after the end of doxorubicin treatment (Fig. 5a and Fig. S5A ). This result was confirmed in cells also probed for the S phase marker PCNA. Therefore, this defect in the resolution of γH2AX occurs in all the phases of the cell cycle including S phase (Fig. 5b and Fig. S5 ).
Since NHEJ and HR are altered upon defective recruitment of 53BP1 and BRCA1 at DNA DSBs [32, 34] and since their recruitment at DNA DSBs was dampened in the absence of ING3, we evaluated if ING3 could impact on the NHEJ and/or HR. Using plasmid-based assays [35, 36] we found that ING3 silencing hindered DNA repair by NHEJ as in si53BP1 cells (Fig. 6a) , as well as DNA repair by HR as in siBRCA1 cells (Fig. 6b) .
To further evaluate the importance of ING3 in the DDR, we measured its impact on the immunoglobulin CSR, which is a physiological pathway involving DNA DSBs repair by (Fig. 6d) . Importantly, the extent of CSR impairment correlated with the efficiency of ING3 silencing (Fig. 6c) . Thus, ING3 is critical for DNA DSBs repair by NHEJ and HR and has an important role in CSR. a Immunofluorescence analysis of U2OS cells co-transfected with GFP-TIP60 and siCT or siING3#1 or siING3#2, and then submitted to laser micro-irradiations. Graph shows the intensity of GFP-TIP60 recruitment at DNA DSBs, at least 30 cells were analyzed. Bar graphs represent mean ± SEM (****P < 0.0001). Scale bars represent 9 µM. b Immunofluorescence analysis of U2OS cells transfected with Halo-ING3 and siCT or siTIP60 and subjected to laser microirradiation. Cells were probed for Halo-ING3 and 53BP1. Scale bars represent 13 µM. Bar graphs represent mean ± SEM (****P < 0.0001).
c Western blot analysis of Halo pull down on U2OS cells transfected with an empty Halo or Halo-ING3 and treated or not with Doxorubicin for 3 h. d Western blot analysis of U2OS cells transfected with siCT or siTIP60 or siING3#1, treated with Dox for 3 h and probed with indicated antibody. e Immunofluorescence analysis of U2OS cells transfected with siCT, siTIP60, or siING3 and treated with Dox for 3 h. Cells were probed for p-ATM. Scale bars represent 13 µM. Graph shows the number of p-ATM foci per nucleus, at least 50 cells were analyzed. Bar graphs represent mean ± SEM (****P < 0.0001) Discussion ING3 expression is lost or reduced in human tumors [8] and a higher mortality has been associated with a decreased expression of ING3 [37, 38] . Two recent studies suggest that ING3 could act as an oncogene in prostate cancer [39, 40] but mainly, ING3 has been shown to exert tumor suppressor functions as a gatekeeper. Thus, ING3 modulates p53-mediated transcription and regulates apoptosis in melanoma cells in response to UV [41, 42] . ING3 is a stable component of the hNuA4 histone acetyltransferase (HAT) complex, known to be involved in transcriptional activation [16] . Therfore, it can modulate H4K12 acetylation on promoter of genes (mTOR, Cdc42, Rac1, and RhoA) [43] . In this study, we reveal a new role for ING3 in the DDR and repair. For the first time, we propose a new function of ING3 as a caretaker tumor suppressor involved in early DNA DSBs signaling and repair (Fig. 6e) .
In accordance with previous reports [18, 44] , we found that yeast cells deleted for the ING3 ortholog (Yng2) were highly sensitive to DNA damage. This yeast DNA damage sensitivity assay suggests that ING3 could also be involved in the DNA replication process [45] . Human cells depleted for ING3 are more sensitive to DNA damages and have a defective DDR by affecting 53BP1 foci formation. ING3 was specifically recruited at DNA DSBs in an ATM-independent Graph shows the number of γH2AX foci per nucleus, at least 50 cells were analyzed. Scale bars represent 12 µM. Bar graphs represent mean ± SEM (***P < 0.001; ****P < 0.0001). b Immunofluorescence analysis of U2OS cells transfected with siCT or siING3, treated with Dox for 3 h. Cells were probed for PCNA and γH2AX. Scale bars represent 12 µM. Graph shows the number of γH2AX foci per nucleus in PCNA positive and negative cells, at least 50 cells were analyzed. Bar graphs represent mean ± SEM (***P < 0.001; ****P < 0.0001) Fig. 6 ING3 is required for NHEJ, HR, and class switch recombination. a U2OS cells were transfected with siCT, siING3#1, siING3#2, or si53BP1 and assessed for DNA repair by non-homologous end joining (NHEJ). Bar graphs represent mean ± SEM (*P < 0.05; ***P < 0.001). b U2OS cells were transfected with siCT, siING3#1, siING3#2, or with siBRCA1 and assessed for DNA repair by homologous recombination (HR). Bar graphs represent mean ± SEM ( NS P > 0.05; *P < 0.05). c qPCR analysis of CH12F3 cells transfected with GFP-miR-CT or four different GFP-miR-ING3. Bar graphs represent mean ± SEM (*P < 0.05; **P < 0.01). CSR to IgA in CH12F3 cells electroporated with GFP-miR-CT or GFP-miR-ING3#3 or GFP-miR-ING3#4 was measured by flow cytometry. The data are the means of three independent experiments. Bar graphs represent mean ± SEM (*P < 0.05; ***P < 0.001). d CH12F3 cells transfected with GFP-miR-CT or GFP-miR-ING3#4 were labeled with SNARF. Cells were harvested at the indicated time points following SNARF labeling and analyzed by flow cytometry. The data are representative of three independent experiments. e ATM recruitment and activation is a critical step in the DNA damage response and happens in the early stages of the pathway. Its auto-phosphorylation (on Ser 1981) is impaired when the cells are deficient for the ING3 protein in response to DNA damage, thus impacting the following recruitment of 53BP1 and BRCA1 at lesions sites and the DNA repair by NHEJ or HR manner. Interestingly, an ING3 knockdown led to decreased p-ATM at DNA DSBs that may be more dependent on its phosphorylation rather than the activities of its related phosphatases. ING3 has no impact on the expression of these phosphatases which are known to regulate ATM phosphorylation and its activation [27, 28] . However, we cannot exclude an impact of ING3 on the recruitment of these phosphatases at DNA damage sites. NBS1, a downstream target of ATM whose accumulation at DNA damage sites is ING3-independent, showed a defective phosphorylation status after doxorubicin treatment in siING3 cells. Thus, ING3 could be required for the subsequent maintenance and amplification of ATM signaling after the initial and rapid recruitment of ATM by MRN and therefore would take part in the positive feedback loop regulated by MDC1, which results in ATM accumulation on chromatin [46] . TIP60, via its chromodomain interacts specifically at DNA DSBs with H3K9me3 increasing its catalytic activity necessary for acetylation of ATM on Lysine 3016 [29, 30, 47] . Since the lack of ATM phosphorylation observed in siING3 cells is not observed in siTIP60 cells, our results suggest that ING3-dependent phosphorylation of ATM is independent on TIP60. One hypothesis would be that ING3 has an inhibitory effect on DNA-PKcs activity which itself negatively regulates ATM phosphorylation [48] . Or, the ATM-linked proliferation inhibition observed in siING3 cells could also be due to the activation of the tumor suppressor ARF, as it has been previously described [49] .
TIP60 also regulates chromatin remodeling at DNA DSBs through its interaction with the hNuA4 complex [34] . We found that TIP60 accumulation at DNA damage sites is ING3-dependent. Moreover, we observed that TIP60 interaction with ING3 is independent on DNA damage. Since both TIP60 and ING3 interact in the hNuA4 complex we can hypothesize that this complex is relocalized or stabilized at DNA double strand breaks after a genotoxic stress. TIP60 has been shown to regulate ATM activation independently of the hNuA4 complex [30] . Thus, ING3 and TIP60 might be recruited at DSBs sites in the hNua4 complex and then are released to act in the DDR. The recruitment of this complex could depend on the interaction of ING3 with the histone mark H3K4me3. Indeed, ING3 is able to interact with H3K4me3 through its PHD domain and this association seems to be important for ING3 tumor suppressive activities [50] . But another mechanism could also be responsible. Under certain circumstances, a defective 53BP1 accumulation at DNA lesions could impact on TIP60 recruitment [51] .
In the absence of TIP60, we observed a decrease in ING3 protein levels but no change in ING3 mRNA expression. These findings suggest that TIP60 might regulate the ING3 protein stability independently of DNA damage. Interestingly, previous studies reported that TIP60, by acetylating proteins improved their stabilization [44] . In agreement, Esa1, the yeast ortholog of TIP60 was shown to acetylate Yng2, the ING3 ortholog in order to prevent its proteasomal degradation [44] . Such a mechanism could also explain at least partly the accumulation of ING3 we observed following doxorubicin treatment. Taken together, these results suggest that ING3 could be acetylated by TIP60 to promote its stability.
Cells downregulated for ING3 failed to accumulate several proteins involved in the DDR, such as RNF8, RNF168, 53BP1, and BRCA1, suggesting ING3 might act earlier. ING3-depleted cells generated fewer colonies or displayed decreased NHEJ and HR activities, indicating a role of ING3 in these two repair pathways. The role of 53BP1 and ATM in a physiological context was highlighted in CSR, which involves NHEJ repair during the immunoglobulin switch in mature B cells [52, 53] . In accordance with our results showing that ING3 is necessary for ATM phosphorylation and recruitment of 53BP1, we have demonstrated that ING3 is also necessary for CSR, highlighting its crucial role in the DDR.
Our work is part of a study aiming at investigating the role of ING proteins in the DDR [54] . It indicates that ING3 may play an important role in maintaining genomic stability and preventing cancer initiation and progression. As a critical actor of the NHEJ signaling, the status of ING3 in tumors could be an important factor in predicting the response to chemotherapy and thus ING3 could be a target for synthetic lethality.
Material and methods
DNA damage sensitivity of yeast strains
Wild-type and RAD9, YNG1, YNG2, PHO23 deleted strains used in this study are in the BY4741 background and were obtained from the EUROSCARF collection (Frankfurt, Germany) (Accession numbers Y03576, Y01840, Y07786, Y07234, and Y00000 respectively). DNA damage sensitivity analysis was performed by drop test. Five-fold serial dilutions of exponentially growing cultures of the indicated strains were prepared in a sterile 96-well plate with the highest concentration being 5 × 10 6 cells/ml. Cells were then spotted on YPD media either containing DNA damaging agents (5 or 100 mM of hydroxyurea (Sigma-Aldrich) or 0.5 μg/ml of Bleocin (Calbiochem; San Diego, CA, USA) or irradiated with IR (10 Gy, CellRad, Faxitron (no filter) 130 kV, 5 mA). All plates were then incubated at 30°C for 2 days and photographed.
Cell culture and drug treatments U2OS osteosarcoma cell lines and MRC5 human lung fibroblast were cultured in McCoy medium (Thermo Scientific; Illkirch, France) supplemented with 10% of decomplemented fetal bovine serum and antibiotics (penicillin/streptomycin, Thermo Scientific). A549 adenocarcinoma cells were cultured in DMEM medium (Thermo Scientific) supplemented with 10% fetal bovine serum and antibiotics (penicillin/streptomycin). U2OS, MRC5, and A549 cells were treated with Doxorubicin (Dox), Camptothecin (CPT), Methyl methanesulfonate (MMS), Cisplatin (CSP), Mitomycin C (MMC), HU (Sigma-Aldrich; St. Louis, MO, USA) at indicated times. U2OS cells were irradiated with IR (2 Gy) (CellRad, Faxitron). CH12F3 mouse cell lines were cultured in RPMI medium (Thermo Scientific) supplemented with 10% of decomplemented fetal bovine serum, 10 mM Hepes (Thermo Scientific), 1 mM sodium pyruvate (Thermo Scientific), and 50 µM β-mercaptoethanol (Thermo Scientific). Cells were incubated at 37°C in a humidified atmosphere, 5% CO 2 .
Plasmids construction, siRNAs, and transfection ING3 cDNA was cloned using specific primers, 5′-C GAAGCGATCGCCATGGCGGACAGTGCGGAACTAA AG-3′ (sense) and 5′-GTCGGTTTAAACGTCCAATGA AATAATGTCTGGTATGATGCCAA-3′ (antisense) into Halo tag pFN21A vector according to the manufacturer's instructions (Promega; Madison, WI, USA). A validated and a custom stealth siRNAs (Invitrogen; Carlsbad, CA, USA) were used for the ING3 downregulations, RNAi #HSS182564 for siING3#1 and for siING3#2 (5′-CCUAGAAGACUAUCUGGAAAUGAUU-3′).
For ATM downregulation we used the validated stealth RNAi #HSS181472, #HSS181473, #HSS181474 (Invitrogen), for 53BP1 downregulation we used the validated stealth RNAi #HSS110908, #HSS110909, #HSS110910 (Invitrogen). As a control, the universal stealth RNAi negative control (#12935110, Invitrogen) was used. Stealth siRNA were transfected using Lipofectamine RNAimax (#13778-075, Invitrogen), according to the manufacturer's instructions. Plasmids were transfected with Lipofectamine LTX in combination with Plus reagent (#15338-100, Invitrogen), according to the manufacturer's instructions. To knockdown ING3 in CH12F3 mouse cells, we used the BLOCKiT Pol II miR RNAi Expression Vector Kit (#K4936-00, Invitrogen). The miRNA duplex was inserted into the pcDNA 6.2-GW miR.
Western blot
Whole cell protein extracts were prepared for immunoblotting by cell lysis with RIPA buffer (#9806, Cell Signaling; Danvers, MA, USA) in combination with a protease inhibitor cocktail (#5871, Cell Signaling). Protein samples were subjected to electrophoresis using the NuPAGE ® Novex 4-12% Kinetic of recruitment to DNA DSBs and fluorescence analysis
Fluorescence intensity was assessed on 10 nuclei at different time points (0, 5, 15, 30, 60, 240 min) by using ImageJ software. Quantification of Halo-ING3, γH2AX, NBS1, 53BP1, and p-ATM signal intensities was measured on the laser track path and normalized with the background fluorescence intensity.
Immunofluorescence staining
Cells were grown on coverslips in 12-well plates and probed as described previously [56] . Briefly, cells were subjected to a pre-lysis treatment for removing protein's soluble fraction.
Then, cells were fixed in a 100% cold ethanol solution for 4 min at 4°C or HaloTag TMRDirect Ligand-treated cells were fixated in a 2% PFA solution for 20 min at room temperature. Cells were washed in 1X PBS and probed. Images were acquired with a confocal SP8 TCS Leica microscope.
Cell sensitivity assay U2OS cells were transfected with siRNA and 48 h later exposed to doxorubicin (0.125 µM) for 3 h or exposed to IR (2 Gy). Then, fresh media was added and cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 for 11 days to allow colony formation. Plates were probed with 1% methylene blue in Tris buffer and colonies with 50 cells or more were counted. Results were normalized with the corresponding non-treated condition. Cells were seeded to take into account the relative plating efficiencies and treatment effect.
NHEJ and HR assay
NHEJ assay were performed as previously described [57] . HR assay were performed as previously described using a DR-GFP reporter in U2OS cells [58, 59] CSR assay, flow cytometry analysis, and SNARF labeling
For the CSR assay, CH12F3 cells downregulated for ING3 were stimulated with 250 ng/ml of functional grade purified anti-mouse CD40 clone HM40-3 (eBioscience), 10 ng/ml recombinant murine IL-4 (Preprotech; London, UK), and 1 ng/ml recombinant human TGF-β1 (R&D Systems) for 24 h and then analyzed by flow cytometry. CH12F3 cells were probed with PE-conjugated antimurine IgA (Southern Biotech) and APC-conjugated antimurine IgM (Southern Biotech). Cells were then acquired on Gallios flow cytometer (Beckman Coulter) and the data were analyzed using Kaluza software. For SNARF labeling, cells were incubated with 9 μM SNARF (carboxylic acid acetate, succinimidyl ester) in 5% FBS for 10 min at 37°C. Then, the reaction was quenched with FBS and cells were washed with 2.5% FBS. Cells were analyzed on Gallios flow cytometer at indicated time points.
Evaluation of dependency in cancer cell lines Quantitative real-time polymerase chain reaction (qRT-PCR) for calculation of fold change with U6 as control.
